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Abstract. The presence of acquired multidrug resistance 
(MDR) is one of the primary impediments to the success of 
chemotherapy. MDR is often a result of overexpression of 
ATP-binding cassette (ABC) transporters, which are involved 
in the extrusion of therapeutic drugs. Recently, it was shown 
that several ABC transporters could be modulated by specific 
tyrosine-kinase inhibitors (TKIs). Ponatinib, a multi-targeted 
TKI, inhibits the activity of BCR-ABL with very high 
potency and broad specificity, including the T315I mutation 
which confers resistance to other TKIs. It was reported that 
ponatinib was capable of reversing breast cancer resistance 
protein (BCRP)- and P-glycoprotein (P-gp)-mediated MDR. 
In the present study, we report for the first time that ponatinib 
also potentiates the cytotoxicity of widely used therapeutic 
substrates of MRP7, such as paclitaxel, docetaxel, vincristine 
and vinblastine. Ponatinib significantly enhances the accumula- 
tion of [ 3 H]-paclitaxel in cells expressing MRP7. Furthermore, 
accumulation of [ 3 H]-paclitaxel was achieved by inhibition of 
MRP7-mediated transport. Ponatinb limited drug export via 
MRP7 by multiple mechanisms. In addition to inhibition of 
pump function, ponatinib also downregulated MRP7 protein 
expression in a time- and concentration- dependent manner. 
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Thus, ponatinib may represent a potential reversal agent for 
the treatment of MDR and may be useful for combination 
therapy in MDR cancer patients in clinical practice. 

Introduction 

The use of imatinib in the treatment of patients with chronic 
myeloid leukemia (CML) must be ranked as one of the great 
medical success stories of the past 30 years (1). However, 
~20% of patients with CML do not respond to treatment 
with imatinib either initially or as a result of acquired resis- 
tance (2). Dasatinib and nilotinib are treatment options for 
CML patients for whom treatment with imatinib has failed 
owing to resistance and/or intolerance. However, 22-33% of 
those patients had to discontinue by two years due to adverse 
events, treatment failure or other causes (3). Resistance to 
tyrosine kinase inhibitors (TKIs) in patients with CML and 
Philadelphia chromosome-positive acute lymphoblastic 
leukemia (Ph-positive ALL) is frequently caused by mutations 
in the BCR-ABL kinase domain (4). Ponatinib (the chemical 
structure is shown in Fig. 1) was designed by ARIAD using 
a computational and structure-based drug design platform to 
inhibit the activity of BCR-ABL with very high potency and 
broad specificity. Ponatinib targets not only native BCR-ABL 
but also its isoforms that carry mutations which confer resis- 
tance to treatment with existing TKIs, including the T315I 
which causes uniform resistance to TKIs (5). The Food and 
Drug Administration (FDA) approved ponatinib to treat two 
forms of drug-resistant leukemia, CML and Ph-positive ALL, 
in December 2012. 

The ATP-Binding Cassette (ABC) transporter superfamily 
is one of the largest and most highly conserved protein families, 
with structural features and mechanisms of action conserved 
from prokaryotes to humans (6). ABC transporters are known 
to account for the multidrug resistant (MDR) phenotype of 
various cancer cells. They are capable of recognizing and 
extruding a broad range of compounds, without relation to 
chemical structure or cellular target (7). When overexpressed 
in cancer cells, ABC transporters reduce intracellular drug 
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Figure 1. Chemical structure of ponatinib. 



concentrations below the effective cytotoxic threshold and 
induce drug resistance (8). The major ABC proteins that are 
widely accepted to be responsible for the MDR phenotype of 
cancer cells are P-glycoprotien (P-gp, also called MDR1 or 
ABCB1), multidrug resistance proteins (MRPs, also called 
ABCCs) and breast cancer resistance protein (BCRP, also 
called ABCG2, BCRP, MXR or ABCP) with each having 
promiscuous and overlapping substrate recognition spectra (9). 

ABC transporters have recently been recognized as impor- 
tant determinants of the general ADME-Tox (absorption, 
distribution, metabolism, excretion and toxicity) properties 
of small molecule TKIs, as well as key factors in resistance 
against targeted anticancer therapeutics (10). The interaction 
of numerous clinically applied TKIs with various ABC trans- 
porters is complicated. TKIs may be extruded out of the cell 
by ABC transporters. However, TKIs may also directly inhibit 
ABC transporters, thereby inducing sensitization to chemo- 
therapy agents (11,12). In some cases, TKI compounds may 
behave both as substrates and inhibitors of a given transporter, 
depending on the concentration range applied (13). Imatinib 
was reported to be able to inhibit the transport of substrates of 
P-gp, BCRP, MRP1 and MRP7 (14-16). Nilotinib was shown 
to be an inhibitor of P-gp, BCRP and MRP7 both in vitro and 
in vivo (16-18). Similarly, lapatinib, which is used for the treat- 
ment of Her-2 positive advanced or metastatic breast cancer, 
is an inhibitor of P-gp, BCRP and MRP7 (19,20). The third- 
generation TKI ponatinib also enhances uptake of substrates 
of BCRP and P-gp, but not MRP1, with a greater effect on 
BCRP than on P-gp (21). 

MRP7 (also called ABCC10) belongs to the C subfamily of 
ABC transporters. It confers in vitro resistance to a wide range 
of clinically used anticancer drugs, including taxanes, vinca 
alkaloids, nucleoside analogs and epothilone B (22). In vivo, 
absence of this transporter also sensitized animals to taxanes 
in an AbcclO ' mouse model, indicating that MRP7 may func- 
tion as a major determinant of taxane sensitivity (23). These 
findings suggest that modulation of MRP7 may have clinical 
value in management of human cancers which are treated with 
taxane-contained regimens. Whether ponatinib has potential 
efficacy in reversing MRP7-mediated MDR was explored in 
the present study. We found that ponatinib was able to reverse 



MRP7-mediated MDR at a low concentration by both blocking 
MRP7 function and downregulating its expression. 

Materials and methods 

Reagents. Paclitaxel, docetaxel, vincristine, vinblastine, 
dimethyl sulfoxide (DMSO) and l-(4,5-dimethylthiazol- 
2-yl)-3,5-diphenylformazan (MTT) were purchased from 
Sigma-Aldrich. Cepharanthine was kindly provided by 
the Kakenshoyaku Co. [ 3 H]-paclitaxel (38.9 Ci/mmol) was 
obtained from Moravek Biochemicals. Ponatinib was acquired 
from Selleck Chemicals. 

Cell lines and cell culture. MRP7 expression vector 
(HEK/MRP7) and parental plasmid (HEK/pcDNA) were 
transfected into human embryonic kidney 293 (HEK293) cells 
by electroporation as we previously reported (24). Transfected 
cells were selected in DMEM containing 2 mg/ml G418 . MRP7 
protein was detected by immunoblot analysis. All cell lines 
were grown as adherent monolayers in DMEM supplemented 
with 10% fetal bovine serum (FBS), 200 U/ml penicillin and 
200 U/ml streptomycin (HyClone). All cell lines were grown 
at 37 °C in 5% C0 2 under humidifying conditions. 

MTT assay. The sensitivity of cells to anticancer drugs was 
measured by an MTT colorimetric assay with minor modifica- 
tions from that previously described (25). Cells were harvested 
with trypsin and resuspended at a final concentration of 6xl0 3 
cells/well. After incubation in DMEM supplemented with 10% 
FBS at 37°C for 24 h, ponatinib (0.1, 0.25 or 0.5 fiM, 20 jd/well) 
or the MRP7 inhibitor cepharanthine (26) (2.5 piM, 20 pl/well) 
were added 1 h prior to the addition of anticancer drugs at 
different concentrations (20 /<l/well). After 68 h of incubation, 
20 ]A of MTT solution (4 mg/ml) was added to each well, and 
the plate was incubated for another 4 h, allowing viable cells 
to convert the yellow-colored MTT into dark blue formazan 
crystals. Then the medium was aspirated, and 100 fi\ DMSO 
was added to each well to dissolve the formazan crystals. 
The absorbance was determined at 570 nm and 630 nm by an 
Opsys microplate reader (Dynex Technologies). The degree of 
resistance was calculated by dividing the IC 50 (concentrations 
required to inhibit growth by 50%) for the MDR cells by that 
of the parental sensitive cells. The IC 50 values were calculated 
from the survival curves using the Bliss method (27). 

[ 3 H] -paclitaxel accumulation and efflux. Intracellular pacli- 
taxel accumulation and efflux were measured in HEK/pcDNA 
cells and HEK/MRP7 cells. For the accumulation assay, the 
cells were trypsinized and three aliquots (5xl0 6 cells) from 
each cell line were resuspended in medium. To measure drug 
accumulation, cells were preincubated in DMEM in the pres- 
ence or absence of ponatinib (at 0.5 pM) or cepharanthine 
(at 2.5 pM) for 2 h, washed and then incubated with 0.01 jiM 
[ 3 H] -paclitaxel with or without reversing agents for another 
2 h at 37°C. The cells were pelleted at 4°C, washed twice with 
10 ml ice-cold PBS, and lysed in 10 mM lysis buffer (pH 7.4, 
containing 1% Triton X-100 and 0.2% SDS). Radioactivity 
was measured in a liquid scintillation counter. For the efflux 
study, cells were incubated with 0.01 pM [ 3 H]-paclitaxel 
according to the method for the accumulation study. After 



ONCOLOGY REPORTS 31: 1605-1612, 2014 



1607 



being washed twice with cold PBS, the cells were cultured 
in fresh DMEM with or without 0.5 pM ponatinib at 37°C. 
After 0, 30, 60 or 120 min, aliquots of cells were removed 
and immediately washed with ice-cold PBS. The cell pellets 
were collected for radioactivity measurement in a Packard 
TRI-CARB® 1900CA liquid scintillation analyzer (Packard 
Instrument Co.). 

Western immunoblot analysis. To determine the effect of 
ponatinib on the expression of MRP7, HEK/MRP7 cells were 
incubated with 0.5 pM ponatinib for 0, 2, 4, 6, 8, 12 and 24 h 
or 0, 0.1, 0.25 and 0.5 for 24 h. After treatment, the cells 
were harvested and rinsed three times with ice-old PBS. Cell 
extracts were prepared by incubating cells for 30 min on ice 
with radioimmunoprecipitation assay (RIPA) buffer (PBS 
with 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate 
and 100 mg/ml p-aminophenylmethylsulfonyl fluoride) with 
occasional rocking, followed by centrifugation (12,000 g, 4°C 
for 20 min). The supernatant containing total cell lysates was 
stored at -80°C prior to experiments. Cell lysates containing 
identical amounts of total protein (25 pg for different time treat- 
ment group and 60 pg for different concentration treatment 
group) were resolved by sodium dodecyl sulfate polycrylamide 
gel electrophoresis (SDS -PAGE) and transferred onto polyvi- 
nylidene fluoride (PVDF) membranes. After incubation in a 
blocking solution containing 5% non-fat milk in TBST buffer 
[10 mmol/1 Tris-HCl (pH 8.0), 150 mmol/1 NaCl, and 0.1% 
Tween-20] for 2 h at room temperature, the membranes were 
immunoblotted overnight with primary antibodies against 
MRP7 (1:200 dilution; Santa Cruz Biotechnology) or GAPDH 
(1:1,000 dilution; Cell Signaling Technology) at 4°C, and then 
the membranes were washed five times for 5 min/each time 
with TBST buffer and incubated at room temperature with 
horseradish peroxidase (HRP)-conjugated secondary antibody 
(1:1,000 dilution) for 2 h. The protein-antibody complex was 
detected by chemiluminescence. Densitometry analysis was 
performed using the Quantity One software (Bio-Rad) and 
MRP7 immunoblots were normalized to GAPDH immunob- 
lots for each sample analyzed. 

Reverse transcription polymerase chain reaction (RT-PCR). 
Total RNA was extracted from HEK/pcDNA and HEK/MRP7 
cells using TRIzol according to the manufacturer's instruc- 
tions. Reverse transcription was performed with 2 fig total 
RNA in a volume of 20 pi by Transcription System (Promega) 
according to the manufacturer's instructions. The sequences of 
the MRP7 and GAPDH primers were as follows: MRP7 
(303 bp) sense: 5'-GGCTCCGGCAAGTCTTCCCTGTT-3' 
and antisense: 5'-AGATAAGCTCCGGCCCCCCTCACC-3'. 
GAPDH (322 bp) sense: 5 -CGGGAAGCTTGTCATCAA 
TGG-3' and antisense 5'-GGCAGTGATGGCATGGACTG-3'. 
PCR was carried out with GoTaq® Master Mixes and the reac- 
tion conditions were 94°C for 30 sec, 60°C for 40 sec (GAPDH) 
or 65°C for 40 sec (MRP7), 72 °C for 45 sec with 35 cycles. The 
PCR products were separated by agarose gel electrophoresis. 
The gel was stained with 0.5 pg/ml ethidium bromide and the 
bands were visualized under UV light. 

Statistical analysis. All experiments were repeated at least 
three times. Statistical differences were determined by the 



two-tailed Student's t-test, and were deemed significant if 
P-value was <0.05. 

Results 

Ponatinib significantly enhanced the drug sensitivity of 
MRP7-overexpressing cells. In order to determine if ponatinib 
could reverse ABC transporter-mediated MDR, we treated 
both the parental cell line HEK/pcDNA and the resistant cell 
lines HEK/MRP7 with ponatinib 1 h prior to anticancer drugs, 
then measured the IC 50 of anticancer drugs in parental cells 
and resistant cells using the MTT assay. Compared to parental 
HEK/pcDNA cells, HEK/MRP7 cells exhibited significant 
resistance to various MRP7 substrates, including paclitaxel 
(9.14-fold), docetaxel (8.75-fold), vincristine (5.65-fold) and 
vinblastine (5.99-fold). As shown in Table I, ponatinib at 0.1, 
0.25 and 0.5 pM produced a concentration-dependent increase 
in sensitivity to paclitaxel, docetaxel, vincristine and vinblas- 
tine in MRP7-overexpressing cells. However, ponatinib did 
not significantly alter the cytotoxity of the tested drugs in the 
parental sensitive HEK/pcDNA cells. In addition, ponatinib 
did not significantly alter the IC 50 value of cisplatin, which is 
not a substrate of MRP7. Curves clearly shifted significantly 
to the left side after coincubation of HEK/MRP7 cells with 
ponatinib at 0.5 pM (Fig. 2). 

Ponatinib significantly increases the accumulation of intracel- 
lular [ 3 H] '-paclitaxel in MRP7-overexpressing cells. In order 
to determine the effect of ponatinib on the function of MRP7, 
we measured the accumulation of [ 3 H]-paclitaxel with or 
without ponatinib in HEK/pcDNA and HEK/MRP7 cells. The 
intracellular concentration of [ 3 H] -paclitaxel in HEK/MRP7 
was -41.2% of that in parental HEK/pcDNA cells. After the 
cells were incubated with ponatinib at 0.1,0.25 and 0.5 pM and 
cepharanthine at 2.5 pM for 4 h, intracellular [ 3 H] -paclitaxel 
accumulation was significantly increased in HEK/MRP7 
by 1.75-, 2.1-, 2.6- and 2.4-fold, respectively. However, the 
intracellular level of [ 3 H] -paclitaxel in HEK/pcDNA was not 
altered by either ponatinib or cepharanthine (Fig. 3). 

Ponatinib blocks the efflux of [ 3 H] -paclitaxel in MRP7- 
overexpressing cells. To establish whether the increased 
intracellular [ 3 H]-paclitaxel accumulation in MRP7- 
overexpressing cells caused by ponatinib was due to inhibition 
of [ 3 H] -paclitaxel efflux, we performed a time course study 
to determine the remaining intracellular concentration of 
[ 3 H] -paclitaxel in the presence of ponatinib. As expected, 
HEK/MRP7 cells released a significantly higher percentage of 
accumulated [ 3 H] -paclitaxel compared to HEK/pcDNA cells. 
When ponatinib at 0.5 ^M was added to HEK/MRP7 cells, 
it significantly blocked the intracellular [ 3 H] -paclitaxel efflux 
at different time periods (0, 30, 60 and 120 min), but had no 
effct in the parental HEK/pcDNA cells. The accumulation of 
[ 3 H]-paclitaxel at 0 min was set at 100% and at 30, 60 and 
120 min, the percentages of the intracellular [ 3 H] -paclitaxel 
that remained in HEK/MRP7 cells were 73.32, 42.51 and 
33.28%, respectively, in the absence of ponatinib. When 
HEK/MRP7 cells were incubated with ponatinib, the percent- 
ages at 30, 60 and 120 min increased to 88.35, 75.54 and 
71.89%, respectively (Fig. 4). 
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Table I. Effect of ponatinib and cepharanthine on the cytotoxicity of paclitaxel, docetaxel, vincristine, vinblastine, and cisplatin 
in MRP7-transfected cells. 



IC 50 ±SD a (resistance fold) 



Compounds 


rlliJv/pClJfN A 


rlJiJv/lVlKr / 


Paclitaxel (pM) 


9.16±0.53 (1.00) 


83.75±3.77 (9.14) 


Ponatinib (0.10) 


9.11+0.53 (0.99) 


19.37+1.01 (2.11) c 


Ponatinib (0.25) 


8.87±0.60(0.97) 


10.02±1.57(1.09) c 


Ponatinib (0.50) 


7.65±0.68 (0.84) 


9.25±0.22(1.01) t 


Cepharanthine (2.5) 


7.79±0.97 (0.85) 


8.46±1.07 (0.92)^ 


Docetaxel (pM) 


8.74±0.82 (1.00) b 


76.44±5.53 (8.75) 


Ponatinib (0.10) 


7.78±1.05 (0.89) 


16.30±1.02(1.86) c 


Ponatinib (0.25) 


7.66±0.47 (0.88) 


10.30±0.85 (1.18) c 


Ponatinib (0.50) 


8.26±1.04 (0.95) 


7.16+0.67 (0.82) c 


Cepharanthine (2.5) 


8.12±0.88 (0.93) 


7.50±1.35 (0.86) c 


Vincristine (pM) 


7.82±0.85 (1.00) b 


44.19±3.73 (5.56) 


Ponatinib (0.10) 


8.84±0.79(1.13) 


21.46±2.36 (2.74) c 


Ponatinib (0.25) 


7.38±0.93 (0.94) 


9.02±0.75 (1.15) c 


Ponatinib (0.50) 


8.12±0.44(1.04) 


7.87±0.82(1.01) c 


Cepharanthine (2.5) 


7. 21 ±0.42 (0.92) 


8.28±0.79(1.06) c 


Vinblastine (pM) 


9.49±0.69 (1.00) b 


56.79±7.41 (5.99) 


Ponatinib (0.10) 


8.17±0.72 (0.86) 


11.00+0.99 (1.16) c 


Ponatinib (0.25) 


8.33±0.69(0.88) 


6.66±0.94 (0.70) c 


Ponatinib (0.50) 


8. 96± 1.1 6 (0.94) 


4.03±0.34 (0.43) c 


Cepharanthine (2.5) 


8.55±0.94 (0.90) 


4.93±0.71 (0.52) c 


Cisplatin QiM) 


4354.43±358.66(1.00) b 


4627. 31 ±34 1.80 (1.06) 


Ponatinib (0.10) 


4417.11±145.05 (1.01) 


5395. 15+159.79 (1.24) 


Ponatinib (0.25) 


4625.90±444.78 (1.06) 


5115.46±229.46(1.17) 


Ponatinib (0.50) 


4394.95±252.00 (1.01) 


5286.64±319.97(1.21) 


Cepharanthine (2.5) 


4489 .97±379.32 (1.03) 


5304.49±427.60(1.22) 



"Values represent mean ± SD of at least three independent experiments, each performed in triplicate. Told of resistance was calculated as 
the IC 50 values of paclitaxel, docetaxel, vincristine, vinblastine, or cisplatin of HEK/pcDNA or HEK/MRP7 cells in the absence or presence 
of reversal agents divided by the IC 50 values of paclitaxel, docetaxel, vincristine, vinblastine or cisplatin of HEK/pcDNA cells without the 
reversing agents. C P<0.05. 



Ponatinib downregulates MRP7 protein expression in a 
concentration- and time-dependent manner. MRP7-mediated 
MDR can be reversed by either inhibiting its transport func- 
tion or decreasing the protein expression level of MRP7. To 
further ascertain the mechanism of reversal by ponatinib, we 
also treated MRP7-overexpressing cells with ponatinib at 
0.5 pM for 0, 2, 4, 6, 8, 12 and 24 h or at 0, 0.1, 0.25 and 
0.5 pM for 24 h to test the expression of MRP7. Treatment of 
HEK7MRP7 cells with ponatinib at 0, 0.1, 0.25 and 0.5 pM 
for 24 h led to downregulation of MRP7 expression in a 
concentration-dependent manner (Fig. 5A). The results shown 
in Fig. 5B indicated that ponatinib treatment for more than 
16 h significantly downregulated MRP7 protein expression in 
a time-dependent manner. 

Protein downregulation could occur either at the tran- 
scriptional or the post-transcriptional level. RT-PCR was 
conducted to ascertain whether the mRNA level of MRP7 
was also downregulated in HEK7MRP7 cells treated with 



ponatinib at 0.5 pM. As shown in Fig. 5C, mRNA levels of 
MRP7 did not decrease significantly in the presence of pona- 
tinib even after 24 h. These results indicated that ponatinib 
downregulated MRP7 expression at the post-transcriptional 
level. 

Discussion 

Increased expression and functionality of ABC transporters 
are common features of cancer cells and often underlie 
chemoresistance (28-30). Thus, the persistence of cancer 
cells expressing abnormally high levels of ABC transporters 
is associated with dismal prognosis (31,32). ABC pumps 
constitute an attractive therapeutic target, as revealed by 
multiple preclinical and clinical studies showing that inhibi- 
tors of drug efflux sensitize cancer cells to chemotherapy 
(31,33). Nevertheless, the clinical use of ABC transporter 
inhibitors has been limited by unacceptable side-effects, drug 
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Figure 2. Effect of ponatinib on sensitivity of HEK/pcDNA and HEK/MRP7 
cells to anticancer drugs. HEK/pcDNA cells and HEK/MRP7 cells were 
cultured for 24 h before ponatinib was added. After 1-h incubation, (A) pacli- 
taxel, (B) docetaxel, (C) vincristine, (D) vinblastine or (E) cisplatin was 
added and the cultures were incubated for 72 h. Cell viability was measured 
by the MTT assay. Results are representative of 3 independent experiments, 
respectively. 



□ Control 




pM 



HEK/pcDNA HEK/MRP7 



Figure 3. Effect of ponatinib on accumulation of [ 3 H]-paclitaxel in 
HEK/pcDNA and HEK/MRP7 cells. Accumulation of [ 3 H]-paclitaxel was 
measured after preincubation in the presence or absence of ponatinib at 0.1, 
0.25 and 0.5 ptM or cepharanthine at 2.5 piM for 2 h at 37°C, followed by 
incubation with 0.1 fiM [ 3 H]-paclitaxel with or without the reversal agents for 
another 2 h at 37°C. The cells were then collected and the intracellular level 
of [ 3 H]-paclitaxel was measured by scintillation counting. Experiments were 
performed in triplicate, and results are expressed as mean ± SD. *P<0.05 vs. 
the respective untreated controls. 



interactions or concerns about long-term safety (34-36). The 
attractive feature of the novel BCR-ABL inhibitor ponatinib 
is that its toxicities were generally mild. The common side- 
effects were rashes, dry skin, abdominal pain, headache and 
constipation, all seen in ~40% of patients, and most cases were 
reported to be mild (37). Ponatinib has been found to increase 
the cytotoxicity of substrates of BCRP and P-gp in BCRP- and 
P-gp overexpressing cells (21). 

In the present study, we found that ponatinib was a potent 
reversal agent for MRP7-mediated MDR. It could increase the 
cytotoxic response of MRP7-expressing cells to chemothera- 
peutic agents, including paclitaxel, docetaxel, vincristine and 
vinblastine, at a clinically achievable concentration. Consistent 
with the cytotoxicity result, drug accumulation studies also 
showed that ponatinib significantly increased the intracellular 
accumulation of [ 3 H] -paclitaxel in MRP7-overexpressing cells 
in a concentration-dependent manner. Efflux data indicated 
that this increased intracellular accumulation of [ 3 H] -paclitaxel 
in a short time period (4 h) was caused by direct inhibition 
of MRP7 transport function, as MRP7 protein downregula- 
tion caused by ponatinib only occurred after 16-h incubation. 
These findings indicate that the potent BCR-ABL inhibitor 
ponatinib could reverse MRP7-mediated MDR by inhibiting 
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Figure 4. Effect of ponatinib on the efflux of [ 3 H]-paclitaxel in HEK/pcDNA 
and HEK/MRP7 cells. The efflux assay was performed as described in 
Materials and methods. The values at 0 min were set as 100%. Each data point 
represents the mean ± SD of three independent experiments, each performed 
in triplicate. *P<0.05, vs. HEK/MRP7 cells without ponatinib treatment. 



the function of MRP7 in a short time period and also by down- 
regulating protein expression after longer incubation. 

The molecular mechanisms underlying the protein 
regulation of MRP7 still need further study. Our RT-PCR 
data showed that MRP7 mRNA level did not decrease in 
conjunction with protein downregulation, which indicates 
that protein regulation occurred at a post-transtriptional level. 
Protein degradation and translocation may be considered and 
confirmed by further studies. Niu et al (38) reported that low 
molecular weight heparin (LMWH) prevented chemoresis- 
tance of lung SP cells by reducing BCRP protein expression 
through the ubiquitin-proteasome pathway, as the proteasomal 
inhibitor MG132 restored ABCG2 protein expression, while 
the lysosomal inhibitors leupeptin and pepstatin A did not. In 
addition, it was also shown that significant enhancement of the 
intracellular accumulation of calcein was able to induce down- 
regulation of P-gp (39). PI3k/Akt and NF-kB are the common 
pathways involved in the regulation of ABC transporter 
expression. PAPP-A decreased the expression of ABCA1 and 
ABCG1 in THP-1 macrophage-derived foam cells through 
the PI3K/Akt signaling pathway (40). Bortezomib reversed 
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Figure 5. Effect of ponatinib on protein and mRNA expression of MRP7 in HEK/pcDNA and HEK/MRP7 cells. (A) The effect of ponatinib treatment for 
24 h at different concentrations on the protein expression of MRP7 in HEK/pcDNA and HEK/MRP7 cells. (B) The effect of 0.5 /iM ponatinib incubation on 
the protein expression of MRP7 in HEK/pcDNA and HEK/MRP7 cells at 0, 2, 4, 8, 12, 16 and 24 h. (C) mRNA levels of MRP7 in HEK/pcDNA and HEK/ 
MRP7 cells treated with 0.1, 0.25 and 0.5 /iM ponatinib for 24 h. GAPDH was used as a loading control. Protein or mRNA levels of MDR7 normalized to 
those of GAPDH are shown on the right. Results are presented as the mean ± SD. P-values were obtained using analysis of variance by comparing the relative 
amounts of protein or mRNA in cells treated with ponatinib with those in untreated control cells. Results representative of three independent experiments are 
shown. *P<0.05; **P<0.01. 
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leukemia cell MDR in a concentration-dependent manner as 
the result of reduction of P-gp expression through the NF-kB 
pathway (41). 

MRP7 expression is increased in many cancers in asso- 
ciation with stage and prognosis. MRP7 expression level was 
upregulated in non-small cell lung cancer (NSCLC) compared 
to normal lung tissues, and the higher expression was corre- 
lated with advanced pathological grades and TNM stage in 
adenocarcinoma (42). Oguri et al (43) found that MRP7 can 
affect in vivo tissue sensitivity to taxanes, and could be used 
as a predictive marker of resistance to paclitaxel in NSCLC. A 
similar phenomenon was also observed in hepatocellular carci- 
noma; the MRP7 expression level was also elevated compared 
to normal adjacent healthy liver samples (44). These findings 
indicate that MRP7 expression might be a biomarker or regu- 
lator of treatment response in certain cancers and modulation 
of MRP7 expression and function may have clinical value in 
cancer treatment. 

In conclusion, we showed here for the first time that 
ponatinib inhibits MRP7 function and downregulates MRP7 
protein expression, hence facilitating the intracellular accumu- 
lation of selected chemotherapeutic agents and increasing their 
cytotoxicity. Clearly, additional studies of mechanism and 
animal study are needed, and it will be worthwhile to explore 
whether ponatinib can increase the cytotoxicity of anticancer 
therapeutic agents in vivo. The clinical application of ponatinib 
in MDR cancer patients may have great potential. 
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